acoustic, 11 and electrokinetic forces 12 have been demonstrated. Although these protocols often lead to high throughput separation of micron scale particles, their use in biomolecular separations can damage the molecules due to stresses arising from external field-driven sieving and tweezing. 13 Moreover, conventional sorting chips usually involve polymeric gels within the outlets as sieving matrices, 14, 15 which pose difficulties in multistep analysis in molecular separations. 16 Current label-free separation techniques, which rely on the differences in physical properties of particles such as shape, 17 density, 18 adhesion, 19 dielectric constant, 20, 21 or diffusion 22 do not give efficient separation if these differences between the biomolecules in a complex mixture are not high. 19 The challenge therefore remains in harvesting specific biomolecules with very similar physical properties from a complex mixture, and in quantities that are sufficient for downstream sensing and detection. Herein, we demonstrate the spontaneous separation of active from inactive enzymes, even with similar physical characteristics, based solely on their catalytic activity. Microand nanoscale catalytic motors have recently been the subject of intensive investigations because of their ability to negotiate complex environments.
23À26 These self-driven motors display collective directional migration toward targets under appropriate conditions, 27, 28 suggesting interesting applications in fields ranging from fluidics 29 to surgery. 30 It has been demonstrated that like other catalytic motors, enzymes are also able to power their own motion by turnover of their respective substrates present in the ambient fluid. 31À33 This is manifested in the form of substrate dependent enhancement in diffusivity. The precise mechanism for the turnoverinduced enhanced diffusivity remains to be established. However, a number of mechanistic possibilities have been suggested. It has been proposed that enzymes can propel themselves in solution during substrate turnover by going through a sequence of nonreciprocal conformational changes during the substrate binding and product release steps. 34À36 Alternatively, Kapral has suggested that molecules can propel themselves through the generation of products that can interact with the enzymes via LennardÀJones interaction potentials. 37 Spatially asymmetric catalysis can lead to inhomogeneous distribution of products. This nonhomogeneous product distribution creates a concentration gradient that can yield propulsion, depending on features of the products and the solvent. Finally, heat generation through reaction exothermicity can also lead to enhanced diffusion. However, in several instances the bulk rise in solution temperature due to enzymatic catalysis has been estimated and found to be in the micro-Kelvin range; too small to account for the observed enhanced diffusion. 38, 39 Nevertheless, a local instantaneous reaction-induced rise in temperature cannot be ruled out at this point.
In the presence of a gradient in substrate concentration, the enzyme molecules migrate toward higher substrate concentration regions, a form of molecular chemotaxis. 38 We hypothesize that the chemotactic behavior of the enzyme molecules arises from the enhanced diffusion mechanism. The substrate concentration changes continuously as the enzyme diffuses along the gradient. Thus, at every point in space, the diffusivity increases on moving up the gradient and decreases on moving down the gradient. A higher diffusion coefficient leads to a greater spreading of the enzyme molecules on the side of the higher substrate concentration. Thus, the "center of gravity" of the enzyme ensemble moves toward higher substrate concentration. As with any nonequilibrium system, a continuous energy input is required for the directional movement, in this case to maintain the substrate gradient. The proposed mechanism is stochastic in nature and is different from biological chemotaxis, which requires temporal memory of the concentration gradient.
The chemotactic migration of enzymes toward areas of higher substrate concentration was utilized to separate enzymes from one another in a microfluidic device. The separation was monitored on-chip with a fluorescence microscope and the separated enzymes were collected through different outlets continuously during the process. Figure 1 shows a schematic diagram of the two-inlet, five outlet microfluidic setup used in experiments. Using the microfluidic separator, we were able to separate molecules of catalase from urease, urease from β-galactosidase, and active catalase from its inactive form. The separation efficiency of the device agrees well with finite element simulations of convective diffusion developed using COMSOL Multiphysics software. The proposed separation strategy does not depend on the size or charge of the molecules, and can be carried out under near ambient conditions needed for enzyme activity. Separation based on molecular chemotaxis through substrate turnover should allow enhanced sensitivity for point-of-need assays due to minimum influence of contaminants.
RESULTS AND DISCUSSION
Proof of Concept Studies. We used mixtures of catalase and urease, urease and β-galactosidase, and active and inactive catalase to demonstrate the separation of active biomolecules in the presence of their specific substrates. Each of these pairs of enzymes was carefully chosen to determine the relative merit of chemotactic sorting. It should be noted that the current method can be employed for any combinations of enzymes or other active molecules exhibiting high catalytic activity. For proof of concept studies, the above combinations were selected because of the high substrate turnover rates for catalase (k cat = 2.12 Â 10 5 s
À1
) 40 and urease 
. 41 For separation of catalase from urease, a 1:1 mixture of catalase and urease (each 200 nM) was allowed to flow through one of the inlets of a bovine serum albumin (BSA)-treated microchannel at 15 μL/h and a flow of phosphate buffer through the other at the same rate. After the flow had stabilized, the flow profiles of liquids near the inlet and outlets of the microchannel device were checked for uniformity. Typical flow profiles obtained at the inlets and near the outlet splits, for the two tagged enzymes are shown in Figure S1 of Supporting Information (SI). The fluorescence intensity profiles of the labeled enzymes were recorded within the outlets along a cutline, drawn across the outlets 330 μm down from the splits ( Figure 1) . Next, the flow of phosphate buffer was withdrawn from the channel and buffered solution with 10 mM H 2 O 2 (substrate for catalase) was introduced at the same inlet, keeping the flow rate unaltered. After the flow had stabilized, the fluorescence intensity profiles of the enzymes were recorded along the same cutline. The measured intensity profiles were corrected for vignetting using nonlinear curve fits, adjusted for baselines and normalized before they were compared. In order to quantify the excess migration of catalase in the presence of H 2 O 2 , we follow the conventional definition of enrichment coefficient, the normalized concentration ratio of active to inactive molecules in a particular outlet channel divided by the same ratio at the inlet (= 1 in our setup). 42 For each enzyme, its concentration at the outlet is proportional to the geometrical area under its fluorescence intensity profile (as shown in Figure S2 in SI). We therefore calculated the fluorescence intensity profiles for each enzymes (after normalizing for differences in fluorophore intensities) within different outlets of the microchannel. Figure 2 (AÀC) shows normalized intensity profiles for catalase and urease, measured along the specified cutline, in the presence of a flow of pure buffer and one with 10 mM H 2 O 2 , respectively. The magnified view of the intensity profiles measured from the middle of the third outlet to the end of the fourth (where the substrate concentration gradient is expected to be the maximum), are shown in the insets. In the absence of H 2 O 2 , the area under the intensity profile of catalase was found to be slightly more than that of urease toward the substrate side, starting from the middle of the third outlet and becoming the maximum within the fourth. This difference in migration can be attributed to the normal size-dependent Brownian diffusion of the molecules (D catalase = 6.01
À11 m 2 /s). 38 However, in the presence of a substrate concentration gradient, the intensity corresponding to catalase becomes significantly higher than that of urease. The increase in measured enrichment coefficients in absence and presence of H 2 O 2 is shown in Figure 2 (C). Unlike catalase and urease which are somewhat different in size, we next selected a mixture of two enzymes with similar Stokes radii, urease and In the absence of urea, both urease and β-galactosidase moved almost identically, the latter migrating a little faster possibly because of its marginally higher Brownian diffusivity. In the presence of substrate, however, the population of urease increased in the direction toward the substrate side, following the enhanced diffusion of the molecules in the presence of a urea concentration gradient. Figure 3(C) shows the relative increase in urease population within different outlet channels of the device, in the presence and absence of urea. The observations clearly establish that by the appropriate choice of substrate, specific enzyme molecules can be chemotactically separated out from a complex mixture, without influencing any of their physical or chemical characteristics.
Sensitivity of Chemotactic Separation. Extending the idea of working with molecules of same Stokes radii, we finally probed the sensitivity of the technique in separating out active molecules from their inactive forms, both having the same size and isoelectric point. As discussed earlier, one of the major challenges facing current molecular separation techniques is dealing with proteins with nearly identical physical properties. To demonstrate the unique advantage of chemotactic separation over others, we chose a mixture of active and inactive catalase molecules and demonstrated their separation in the presence of an imposed H 2 O 2 gradient. For this study, molecules of catalase were labeled separately with AF 647 and AF 488 dyes. Enzymes labeled with AF 488 were then inhibited using 0.5 M NaCN solution prepared in deionized water, the details of which are given in the SI. Solutions of active and inactive catalase were prepared in phosphate buffer keeping their individual concentrations fixed at 200 nM. Newly fabricated microchannels were treated with BSA and washed with flows of phosphate buffer prior to the measurements. The liquid flow rate was maintained at ∼15 μL/h as before to ensure smooth laminar flow inside the main channel. Following the experimental protocol described previously, the intensity profiles of the enzymes, both in presence and absence of the substrate (solution of 10 mM H 2 O 2 ) 
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were recorded within the outlets along the cutline. Figure 4(A,B) shows the normalized fluorescence intensity profiles of the enzymes, both in the presence and absence of 10 mM H 2 O 2 . Figure 4 (C) shows the measured enrichment coefficients, for different outlets of the device averaged over three sets of independent measurements. As shown, there is a significant increase in the population of active catalase within the substrate outlets. As expected, the enrichment is observed to be mostly within the region between third and the fourth outlets, where the established substrate concentration gradient is the highest. Clearly, the chemotactic separation technique is sensitive enough to sort out molecules possessing identical physical properties, which cannot otherwise be accomplished using currently known separation techniques.
Multiphysics Simulations. In order to understand the observed chemotactic separation of enzymes, we propose a simple model describing diffusive and convective transport of enzymes in imposed substrate concentration gradients. The observed enrichment of molecules within the microfluidic channels was simulated in COMSOL multiphysics (v. 4.3), coupling the physics of diffusion of molecular species and principles of laminar flow. The simulation geometry followed the microchannel network used in experiments. The computations were performed in shallow channel approximation, where the simulation contour was assigned a depth of 50 μm, equal to the depth of the microchannels used in experiments. After deciding the domain, one of the inlets of the main channel was assigned a substrate flow rate of 15 μL/h, the same flow rate used in experiments. A solution containing a mixture of enzymes was then considered to flow through the other inlet of the microchannel at the same rate. The concentration of each enzyme in the mixture was taken to be 200 nM. This was followed by setting the boundary conditions and initial parameters, the details of which are described in the SI. The diffusion coefficients of inactive enzymes (enzymes not interacting with substrates) were dictated by their hydrodynamic radii and solution viscosity, and were considered constant in the simulation. The diffusion coefficients of active enzymes were, however, expressed as functions of local substrate concentrations, the functional forms of which were taken from previously reported results 38 and used in simulations as input parameters (for details, see SI). After calibrating the simulation mesh for fluid dynamics modeling, the steady-state concentration profiles of the enzymes were measured within the outlets, at a position 330 μm away from the split, along a cutline, drawn across the outlets. Simulations were done for different pairs of enzymes, in the presence and absence of corresponding substrates. Control experiments were simulated by assuming flow of phosphate buffer through the substrate inlet at the rate of ∼15 μL/h, and assuming constant diffusivities of the molecules dictated by their hydrodynamic radii. Figure 5 summarizes Possible factors contributing to the difference in simulated and experimental values are errors involved in the nonlinear fitting of experimental data for substrate dependent diffusivities of the molecules, uncertainties in integrated areas under the fluorescence and concentration profiles, baseline corrections and related processing of measured signals and nonideal behavior of the PDMS microchannels under given experimental conditions. However, for the other pairs of enzymes, the estimated separation coefficients agree well with the experimentally observed values. For example, for urease and β-galactosidase the predicted enrichment coefficients within the third and fourth outlets are 1.00 and 2.04 in the presence of urea (compared to 1.00 and 0.97 in buffer). Experimental enrichment coefficients, Although the multiphysics simulations performed do not take into consideration factors such as backflow of fluids within the outlets and possible mixing near the splits, the results successfully predict the experimental observations and provide a basic model to understand chemotactic separation of enzymes in the presence of imposed substrate concentration gradients. Although a relatively simple microchannel setup was employed, more efficient separation will require a complex tree-like architecture (resulting in higher theoretical plates). 44 Increasing the concentrations of enzymes at the inlets would most likely result in higher number of molecules migrating within the substrate outlets, improving the efficiency of separation even further. With appropriate detection setups, the microchannel geometry may be modified further to sort out specific molecules at desired locations. The present two-inlet, five-outlet geometry however establishes the principle of chemotactic separation of molecules and demonstrates its applicability in sorting out molecules with identical physical properties. This cannot be achieved with current label-free detection and separation procedures and will provide avenues for efficient chemical and biochemical sorting of active molecules.
CONCLUSION
We have demonstrated a technique for the spontaneous sorting of enzymes that is based on substrate concentration-dependent diffusivity of active enzyme molecules and their chemotactic response toward imposed substrate gradients. Unlike other label-free techniques, chemotactic separation does not depend on physical properties, such as molecular size and surface charge. To validate our experimental observations, we estimated theoretical separation efficiencies for the given pairs of enzymes using multiphysics simulations in COMSOL. The simulated results matched well with the experimental results. In principle, the same technique can be used to separate out other active catalysts from their less active or inactive counterparts in the presence of their respective substrates and should, therefore, find wide applicability.
METHODS
Microchannel Architecture. The microfluidic channels were fabricated following standard soft lithography techniques, 45, 46 the details of which are provided in the Supporting Information (SI). The main channel of the microfluidic chamber has a length of 8 mm, with a depth of 50 μm. Each of the inlets has a width of ∼400 μm while the individual outlets were 120 μm wide. These dimensions ensured minimum interference of signals within adjacent outlets of the device. Before starting the experiments, a buffered solution of bovine serum albumin (BSA, 10 mg/mL) was allowed to flow through the device for about 20 min to minimize sticking of enzymes on the polydimethylsiloxane (PDMS) surface. This was followed by flows of 100 mM phosphate buffer from reservoirs held at approximately 10 cm above the microscope stage through both the inlets. With intermediate constrictions (consisting of parallel PDMS microchannels, each of width ∼100 μm), the mixture of enzymes from a separate reservoir was then introduced through one of the inlets of the microchannel at a constant flow rate. The flow rate of liquid through the inlets and hence through the main channel can be controlled by changing the height of the liquid reservoirs. The concentrations of the two enzymes in the mixture were kept the same and they were labeled separately with different fluorescent dyes (for details, see SI). When there was no substrate, the flow of phosphate buffer through the other inlet was maintained at a rate equal to that of the enzyme solution. The flow profile was allowed to stabilize and fluorescence profiles of the enzymes were recorded along a cutline, drawn across the outlets 330 μm down from the split (Figure 1 ). The cutline was selected at a position sufficiently away from the split in order to minimize perturbation in fluorescence near the junction of the outlets. For chemotactic separation of enzymes, the phosphate buffer was replaced by a buffered solution of the substrate (corresponding to the active enzyme to be separated) flowing through the same inlet at the same rate. In the given microchannel architecture (Figure 1) , the interface between the two flows runs through the middle of the third outlet of the device. Hence, the substrate gradient is expected to be maximum between the third and fourth outlets. In the presence of a substrate flow, the intensity profiles were again recorded along the same cutline within the outlets and compared.
Fluorescence Measurements. The fluorescence signal from the tagged enzymes was monitored and recorded using highly sensitive fluorescence imaging. The optical setup involved a Nikon Eclipse Ti inverted microscope with a 100 W halogen lamp. Excitation light was passed through the appropriate filter cube (Nikon), depending on the excitation/emission wavelengths of the tagged fluorophores, before it was focused onto the sample through 4x/10x objectives (Plan Apo 4Â-0.20/Plan Apo 10Â-0.45, Nikon). Fluorescence emission collected by the objective lens, was passed through interference filters, and detected by a sensitive iKon-M 934 CCD camera (Andor Technology) with a resolution of 1024 Â 1024 pixels and maximum quantum efficiency of 95%.
Separation Experiments. For separation of catalase from urease, samples of bovine liver catalase (Sigma-Aldrich) and Jack bean urease (Sigma-Aldrich) were labeled with amine reactive fluorophores Alexa Fluor 647 (AF 647; ex/em: 650/668; Life Technologies Corporation) and Alexa Fluor 488 (AF 488; ex/em: 494/519; Life Technologies Corporation) dye, respectively. For separation of urease from β-galactosidase, samples of β-galactosidase (from Escherichia coli, Sigma-Aldrich) and Jack bean urease (Sigma-Aldrich) were labeled with AF 488 and AF 647, respectively. For separation of active catalase from its inactive counterpart, molecules of catalase were labeled separately with AF 647 and AF 488 dyes. Catalase molecules labeled ARTICLE with AF 488 were then inhibited using 0.5 M NaCN solution prepared in deionized water. The details of protein labeling and inhibition are provided in the SI.
The fluorophores used in labeling are selected to ensure minimal overlap in their spectral profiles and hence possibility of any fluorescence resonance energy transfer (FRET) between the molecules. The concentrations of the labeled enzymes solutions were calculated using UVÀvis measurements. A mixture of these enzymes was prepared in phosphate buffer, keeping their individual concentration fixed at 200 nM. Concentrations higher than 200 nM were often found to saturate the fluorescence detector while concentrations lower than 200 nM lowered the extent of chemotaxis. Further, separation of enzymes in the presence of their substrate concentration gradients is dependent on the duration of enzymeÀsubstrate interaction. More enzyme molecules should be separated if they are allowed to spend more time between the inlets and the outlets of the microfluidic device. As such, the flow rate of the enzyme and substrate solutions through the microfluidic device should be slow enough to maximize the enzymes' ability to diffuse into the substrate channel. In view of this, prior to experimental measurements, we optimized the flow rate for 200 nM enzyme solutions based on Multiphysics simulations in COMSOL. Considering a mixture of active and inactive catalase, the excess migration of active catalase was estimated within the substrate outlets, in the presence of its substrate, 10 mM H 2 O 2 , for flow speeds ranging from 0.5 μm/s (∼0.0375 μL/h) to 3000 μm/s (∼225 μL/h). For very low liquid velocities (0.5 μm/s), the simulation showed no substrate concentration gradient along the interface of the flows (see Figure S6 in SI); the population of both active and inactive molecules was found to be the same within each of the outlets, resulting in no separation. The separation was significant above a flow speed of 20 μm/s and increased continuously with the increase in flow rate at the inlets (see Figure S7 (C) in the SI). However, for flow rates higher than 200 μm/s (∼15 μL/h), the concentration of enzymes crossing the substrate interface was found to be <10 À4 nM for both active and inactive catalase, making the detection of excess migration of the active molecules with respect to the inactive ones challenging. The details of the simulation results are provided in the SI. The detection of chemotactic separation is therefore very sensitive to the flow rate of liquids through the inlets. With more concentrated enzyme solutions, it may be possible to work with an extended range of flow rates, but as mentioned previously, higher concentrations of tagged enzymes saturated the fluorescence detector in the present experimental setup. On the basis of the simulation results, for 200 nM enzyme solutions, we decided to work with flow speeds close to 15 μL/h. However, obtaining slow flow rates exhibiting smooth laminar profiles in channels that have dimensions on the order of micrometers is challenging. While a syringe pump can pump fluid slowly (down to tens of microliters per hour) the observed flow was not smooth. As such, we used a gravitydriven flow by placing the enzyme and substrate reservoirs shown in Figure 1 at a higher height than the outlets of the microfluidic device. In order to further slow the flow rate, we placed a second microfluidic device with smaller channel dimensions (∼100 μm) between the reservoirs and the separator to act as constrictions. This microfluidic cascade helped to attain smooth, gravity-driven laminar flow at the inlets at a rate of ∼15 μL/h. This flow rate is orders of magnitude smaller than the flow rates typically used in microfluidic experiments.
